ABSTRACT: Many temperate agricultural soils have prolonged periods in the winter when plant carbon inputs to the soil are low. Soil maintained at low temperature in the absence of plants was used to simulate the conditions in a vineyard soil during winter. In a four month simulated overwintering period we showed that the concentration of dissolved organic carbon and nitrogen in soil solution slowly declined alongside heterotrophic soil respiration. Measurements of free amino acid concentrations and turnover indicated that the amino acid pool in soil was rapidly depleted but readily replenished throughout the four-month period. This indicates that the soil contained intrinsic reserves of labile C that was capable of supporting the soil microbial community in times of reduced plant C inputs. Key words: DOC, DON, microbial activity, mineralization, nitrate, storage
INTRODUCTION
Due to pronounced seasonality, the soil microbial community can be expected to have an uneven supply of carbon (C) in both space and time in many temperate environments. For example, C inputs are known to be higher in the rhizosphere due to root inputs (rhizodeposition) and at the soil surface due to litter and throughfall inputs (Paterson, 2003; Stadler et al., 1998) . While inputs into the rhizosphere can change over short time periods and spatial scales (Paterson, 2003; Dilkes et al., 2004; Paterson et al., 2005) , large seasonal changes in C inputs are also apparent (Fitter et al., 1998; Franzluebbers et al., 1995) . It is likely that maximal C inputs will occur during the most active periods of plant growth or during senescence. In most temperate agricultural environments the inputs of labile C to the soil can be expected to be lowest during the winter either because no plants are present (e.g. in between annual crops) or because photosynthesis, below-ground C partitioning or overall plant growth is limited by low temperatures and photoperiod length (Porter & Delecolle, 1988; Farrar, 1998) .
It is here hypothesized that the soil microbial community will undergo severe C starvation during the winter periods due to lack of inputs and that this would be reflected in a progressive temporal decline in the concentration of dissolved organic nutrients in the soil solution. The aim of this study was therefore to investigate the supply of C to the soil microbial community during these periods of reduced plant input.
MATERIAL AND METHODS
The soil (sandy clay loam and textured Inceptisol) was collected from an experimental field site located at Lycovrissi, Athens, Greece (38°3' N 23°39' W). It consisted of a 1 ha vineyard planted in 1983 with Vitis vinifera L. cv. Cabernet Sauvignon. The vineyard contained rows of vines spaced 2 m apart and managed according to standard Greek vineyard practices. The soil at the site was classified as a sandy clay loam Inceptisol and had the following properties (mean ± SEM, n = 3): pH, 7.52 ± 0.01; Electrical conductivity, 276 ± 34 dS m ; Microbial biomass-C, 401 ± 53 mg kg -1 . Further details of the site and soil are provided in Christou et al. (2006) . The mean annual rainfall at the site was 371 mm and the mean annual soil temperature was 17.4°C (min -4°C, max 34°C).
Within a representative area of the vineyard, three independent sampling blocks 2 × 2 m in size were selected approximately 10 m apart. Replicate soil samples were taken from the 0 to 30 cm layer of each block using a spade and individual samples (ca. 500 cm 3 ) stored field-moist at 4°C in gas permeable, moisture retentive plastic bags to reflect mean winter temperatures. The moisture content was not actively managed but remained unchanged throughout the experimental period. To minimize physical and biological disturbance, the soils were not sieved or mixed and the soil remained in relatively large aggregates (ca. 1-5 cm in diameter) throughout the experimental period (Jones & Willett, 2006) . There were few fine roots observable in the soil and no attempt was made to remove the few present as this would have induced physical disturbance. Removal of soil from the field guaranteed no plant inputs and removed the dynamic influence of external climatic factors.
At known times after placement in the refrigerator (0 to 140 d after collection from the field), one independent replicate soil sample from each block was recovered and soil solution extracted by the centrifugal-drainage method of Giesler & Lundström (1993) . Dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) in soil solution were determined with a Shimadzu TOC-TNV analyzer (Shimadzu Corp., Kyoto, Japan). NH 4 + was determined by the salicylatenitroprusside method of Mulvaney (1996) , NO 3 -determined according to Downes (1978) and free amino acids determined fluorometrically according to Jones et al. (2002) . DON was calculated as the difference between the TDN reading and the combined NH 4 + and NO 3 -reading (DIN). Total phenols in soil solution were determined using the Folin-Ciocalteau reagent according to Swain & Hillis (1959) using phenol as a standard. Basal soil respiration was determined on 50 cm 3 subsamples of soil in a closed chamber SR1 automated soil respirometer equipped with an infra-red gas analyzer (PP Systems Ltd, Hitchin, UK).
Amino acid mineralization was determined according to Jones et al. (2005) . Briefly, a ) was added to the soil and the subsequent 14 CO 2 evolution monitored over a 96 h period. A double first order kinetics model was fitted to the experimental amino acid mineralization data using the equation
where 14 C-AA soil is the total amount of 14 C remaining in the soil and a, b, c and d are first order kinetic constants and t is time (h). The first component of the equation (a × exp (-bt) ) approximates the depletion of amino acids from the soil solution while the second component (c × exp (-dt) ) describes the turnover of amino acid-C immobilized in the soil microbial biomass (Jones et al., 2005) . The half-life of amino acid-C in the soil (t ½ ) can be calculated from
Equation 1 was fitted to the experimental mineralization data using a least squares optimization routine in Sigmaplot 8.0 (SPSS Inc., Chicago, IL). Statistical analyses (linear regression of temporal trends, paired t-tests comparing two time points, one-way ANOVA with Tukey pair-wise comparison for temporal trends) were performed using Minitab 14 (Minitab Inc., State College, PA).
RESULTS AND DISCUSSION
The effect of maintaining the soils at 4°C (i.e. simulated overwintering) for four months on the chemistry of the soil solution is shown in Figure 1 . Overall, the concentration of DOC decreased in soil solution by 39 ± 3% from that measured at day 0 (p < 0.05), while DON decreased by 37 ± 9% (p < 0.05). Over the same period, there was a corresponding 34 ± 11% increase in NO 3 -concentration (p < 0.05) but almost no change in NH 4 + concentration (0.28 ± 0.03 mg L -1 N; data not presented). No large temporal changes in either soil solution DOC-to-DON ratio or the total concentration of phenolic substances were evident (p > 0.05; data not presented). The concentration of total free amino acids declined over the simulated overwintering period from 0.22 ± 0.03 mg L -1 N at day zero to 0.09 ± 0.01 mg L -1 N at day 112 (p < 0.05; Figure 1) .
Maintaining the soils at 4°C had a major impact on the rate of amino acid turnover and microbial activity. Both basal soil respiration and the rate of amino acid mineralization declined with increasing simulated overwintering time (p < 0.05; Figure  2 ). The rate of amino acid half-life and basal respiration in the soil were negatively correlated (r 2 = 0.41; p < 0.05). The ratio of amino acid-C incorporated into the microbial biomass versus that partitioned into respiration was not, however, largely affected by simulated overwintering time (p > 0.05; data not presented). The soil climatic conditions used here reflect the mean monthly soil temperature from January to February recorded in the field (Christou et al., 2006) . In this winter period, the direct inputs of organic C into the soil from plants can be expected to be extremely low. Our experiments were carried out in the absence of plants and therefore the soil microbial community was dependent upon the intrinsic turnover of soil organic matter and its own biomass to supply labile C. Over a four-month simulated overwintering period, our results showed that the concentration of free amino acids in soil solution declined slowly. Over the same period, we showed that soil microbial activity similarly declined and that amino acid half-life in soil increased. Based upon measurements of amino acid half-life in the field (4.8 ± 0.7 h at 5.5°C; Christou et al., 2006) and measured here (2.6 ± 0.1 h) we calcu- Values represent means ± SEM (n = 3). late that the amino acid pool has turned over approximately 300 times during the four-month storage period and that this is equivalent to 5.7% of the total basal soil respiration. In this vineyard, senescence occurs around late September and plant growth starts again in late March giving a period of five months of relative plant inactivity due to low soil temperatures and short photoperiod. Our results suggest that there are sufficient reserves of labile C in the soil to maintain the microbial population in an active state in the absence of significant plant growth. The relative proportion of this labile C originating from either soil organic matter or from the intrinsic turnover of the biomass itself warrants further studies. In conclusion, low temperature simulated overwintering of soil caused a gradual decline in the concentration of dissolved organic solutes in soil solution. Even at temperatures reflecting the coldest months for the soil it was apparent that the microbial community was still very active and that lowering the temperature did not inhibit the processing of organic N. This supports previous studies demonstrating significant nitrification in winter in a range of ecosystems (Vance & David, 1991; Jackson et al., 1994; Gill et al., 1995) . Our results also suggest that despite continual microbial activity over a four month period, significant reserves of DOC, DON and amino acids remained in soil. Our results imply that microbial activity will not be unduly affected by a reduced C supply during the winter periods when the temperature is low and plant inputs are limited.
